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Abrasive Wear in Machining: 
Experiments With Materials of 
Controlled Miorostruoture 
Evidence is presented to show that hard inclusions in iron-base alloys degrade 
machinability by reducing cutting tool life. Machining experiments have been 
carried out on Fe-C-Silica and Fe-C-Alumina powder metal compacts containing 
varying amounts of abrasive. In addition, two stainless steels have been compared. 
One of these was titanium stabilized hence containing hard TiC particles; the other 
was unstabilized and free of such particles. In all these experiments the tool wear-
rate increased with volume fraction of hard inclusions. Abrasive wear mechanisms 
have been identified using detailed metallography. When machining with high-
speed steels, rake face wear by abrasion occurs by a plastic plowing process and 
this is enhanced if the tool is thermally weakened. When machining with cemented 
carbide tools the results indicate that the temperatures in the crater region are high 
enough for the same plastic plowing of tool material to occur. By contrast, tem-
peratures at the flank face are 300-400°C lower and the wear processes are of a 
different nature. 
1 Introduction 
The machinability of a work material is a loosely defined 
concept representing the ease with which metal removal 
operations can be carried out on that material. It is a 
processing property of interest to the primary metal producer 
and to engineers concerned with the machining of materials. 
Many previous investigations [1-4] have shown that 
machinability is influenced by the alloy making process 
parameters and, in the case of steels, deoxidation practice has 
a major influence on machinability. 
Nominally identical alloys yield varying machinability in 
different heats. This is usually observed as a variation in tool 
life during machining. These variations are, however, too 
large to be accounted for by the permissible variations in alloy 
chemistry. This is best illustrated by the resulfurized, free 
cutting steels where the sulfide inclusion size, oxide content 
and other parameters have been shown to have a major effect 
[3]. Alloy chemistry does not, therefore, adequately describe 
the machinability of the material. 
Although the term machinability encompassses such 
features as the surface finish on the workpiece and chip 
handling characteristics, tool life obtained during cutting is 
the most direct quantitative measure of the ease of machining. 
The useful life of a cutting tool is defined in terms of the 
amount of wear on one of the two primary working surfaces 
of the tool. The wear regions that occur on these two surfaces 
are designated crater wear and flank wear (Fig. 1) and either 
may lead to the final failure of the tool. 
Under different machining conditions the temperature and 
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Fig. 1 The flank wear and crater wear regions on a cutting tool; 
section through semi-orthogonal turning operation 
stress distributions in each of the wear regions vary 
significantly. Thus a wide range of tool wear mechanisms is 
possible and the mechanism which dominates for a particular 
combination of tool and work material continues to be a 
matter of some controversy [4-7], To elucidate the fun-
damental mechanisms involved in tool wear it is therefore 
useful to carry out systematic studies on well characterized 
work materials. 
Powder metallurgy offers a convenient means for 
producing test materials with controlled structure. Iron-
carbon alloys containing specific additives in controlled 
volume fractions and particle sizes can be produced with 
relative ease. Using this technology, Fe-C-Al203 and Fe-C-
Si02 compacts have been produced and machining tests 
carried out [6,8]. These studies have permitted an 
Journal of Engineering Materials and Technology APRIL1981, Vol. 103/151 
Copyright © 1981 by ASME
  
Downloaded From: https://materialstechnology.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
1-2 
= 0 -8 -
J 0 - 4 -
0 
0-2%, Spm. 
0-4%,5/im. 04%,10>jm. j 0-2%,10/jm. 
/ 
7 i t * 
J o/ /m 




DRILLING TIME, mins. 
15 
Fig. 2 Average flank wear land depth on worn drills while drilling Fe-C-
Silica compacts [13]. Volume % silica and mean particle size are 
shown. M1 high speed steel was used as a 6.35 mm diameter drill at a 
speed of 885 rpm and feed of 0.126 mm/rev. 
examination of the effect of volume fraction and of particle 
size of the additive, on tool life and tool wear processes. 
In another series of tests, two different grades of stainless 
steel (AISI types 321 and 304) have been compared. These 
were heat-treated to have similar bulk mechanical properties 
but the former was titanium stabilized (0.66 percent Ti) and 
hence contained a significant fraction of hard TiC particles. 
The consequent effect on wear rate has then been considered 
in machining experiments. The worn tools from these ex-
periments have been metallurgically sectioned and the 
mechanical interactions between the abrasive particles and the 
tool surface studied. 
The major purpose of this work has been to provide direct 
metallurgical evidence for abrasive wear in machining. In 
particular, the metallography shows in detail the manner by 
which abrasive particles interact with the tool surfaces. 
2 Experimental Work and Results 
2.1 Tool Wear Test Results From Powder Metal Materials 
of Controlled Structure. Laboratory test data obtained in a 
series of drilling tests [6] are shown in Fig. 2. A high-speed 
steel drill was used to drill 6.25 mm diameter holes in Fe-C-
Silica powder metallurgy compacts and the drill flank wear 
was measured as a function of cutting time. These ex-
periments were carried out on a number of test samples 
containing varying volume fraction and particle sizes of silica. 
The results obtained show that, following a rapid, break-
down wear, tool wear is linear with time. This linear region is 
followed by accelerated wear which is terminated by 
catastrophic failure. It is evident from Fig. 2 that an increase 
in silica content leads to an increase in wear rate, and that 
particle size also has an effect (discussed in 4.2). 
Another series of tests, on a work-material of controlled-
structure, has been carried out by Byrd and Ferguson [8]. 
Carbide cutting tools were used to machine AISI 4620 powder 
metallurgy compacts containing 2 percent volume fraction of 
alumina inclusions with a nominal particle size of either 1 //,m 
or 25/«n. The tool wear test results shown in Fig. 3 show that 
flank wear increases with increasing particle size of.alumina 
within the alloy matrix. Figure 4 shows that crater depth also 
increases with the addition of the hard inclusions, but that 
there is a particle size independence in this case. 
2.2 Tool Wear Tests on 321 and 304 Stainless Steel. In the 
present work semi-orthogonal turning was carried out, dry, 
on AISI type 321 stainless steel (0.15C; 19.24Cr; 8.40Ni; and 
0.66Ti; hardness 140 VPN) and AISI type 304 stainless steel 
(0.05C; 18.16Cr; 9.86Ni; hardness 138 VPN). The former 
consisted of a duplex structure of 5-ferrite in an austenitic 
matrix. Since this steel was titanium stabilized, inclusions of 
10 10' 10' 10' 
TIME.s. 
Fig. 3 Average flank wear land depth on carbide (C8) tools while 
turning base 4620 with no hard particles and two 4620 + 2 % alumina 
compacts [13]. The cutting speed was 152 m/min, feed rate 0.14 mm/rev. 
and depth of cut 0.64 m m . The addition of 2 % volume fraction of AI2O3 
increases the flank wear for both cases but the particle size was also 
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Fig. 4 Maximum crater wear depth on carbide tools while turning the 
base 4620 steel with no hard particles and the two 4620 + 2 % alumina 
compacts as used in Fig. 3. Similar cutting conditions except that the 
speed was 212 m/min. The addition of the 2 % volume fraction of A l 2 0 3 
also increases the crater wear but in contrast to Fig. 2 there is not a 
particle size dependency. 
titanium carbide were present which had a hardness of ap-
proximately 2400 VPN as opposed to the bulk hardness of the 
steel of 140 VPN. The 304 stainless steel was also a duplex 
structure although with less 5-ferrite. This steel was not 
titanium stabilized and was specifically chosen because it did 
not contain the potentially abrasive TiC particles. However it 
was heat-treated to have the same bulk hardness as the 321 
stainless steel. 
The tool material for these tests was an M34 high-speed 
steel (0.87C; 3.75Cr; 9.5Mo; 1.65W; 1.15V; 8.25Co) that was 
ground into inserts having a side rake angle of + 6 deg, a back 
rake of 0 deg, a side relief of 6 deg, a side cutting edge angle of 
0 deg and a nose radius of 0.35mm. These inserts were used 
for one cutting test only (interrupting the operation could 
have produced a further, undesirable variable). After 
machining both stainless steels the tools exhibited a flank land 
(see Fig. 1) of constant dimension across the depth of cut. 
Thus the depth of this land could be measured under a 
travelling microscope and graphs of land depth or volume of 
tool material removed could be plotted against cutting time. 
Two such curves are compared in Fig. 5. These show the land 
depth after machining at a speed of 25 m. min~' and a feed 
rate of 0.23mm per rev. It is proposed that the greater initial 
wear rate, obtained with the 321 type steel containing the TiC 
particles, is a result of abrasion. 
3 Metallography of High Speed Steel (HSS) Cutting 
Tools 
The wear mechanisms that can occur on HSS tools have 
been examined in earlier work [9,10]. They may be classified 
into those which occur predominantly at low cutting speeds 
and those which operate primarily at high cutting speeds 
where the corresponding temperatures are higher. At low 
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Fig.5 Comparison between flank wear depth when machining A1S1
grades 321 and 304 stainless steel. The former promotes greater flank
wear because it is titanium stabilized and contains TiC particles.
cutting speeds, wear processes which are largely of an at-
tritious and an abrasive type occur, while at high cutting
speeds, since the strength of HSS is reduced significantly due
to the higher amounts of heat generated during cutting,
plastic deformation processes also become active.
Plastic deformation of the tool material may occur by a
superficial shearing action. The chip material which is
deformed at a high shear strain rate (due to shear at the tool-
chip interface) may be able to exert sufficient shear stress on
the thermally softened tool surface to induce local plastic flow
at a low strain rate. Evidence in support of this mechanism
has been presented earlier and this is believed to be the major
crater wear mechanism at very high cutting speeds in the case
of HSS tools.
The abrasive wear mechanism is also temperature-
dependent and a quantitative model for tool wear by an
abrasive wear mechanism has also been examined previously
[11]. For abrasive wear to occur, the work material must
contain within its matrix inclusions of a hard phase having a
hardness greater than that of the surfaces of the tool material.
In the case of HSS, this means that the work material must
contain inclusions with a hardness greater than that of the
double-tempered martensitic matrix. This requirement is met
by the Fe-C-Silica tool materials used in the studies referred to
earlier [6]. Stabilized stainless steels, especially those con-
taining titanium, also meet these requirements. In this in-
stance the austenitic matrix contains a dispersion of TiC
inclusions.
The high speed steel tools used to machine the stainless
steels were metallurgically sectioned, etched with glyceregia
and examined for abrasive wear. In Figs. 6 to 9, sections of
these tools are shown with the adhering stainless steel. The
etching reagent leaves the primary M6 C carbides in the HSS in
the unetched condition but the TiC inclusions are stained
grey. In Fig. 6, a TiC particle may be seen at the edge of the
cutting tool causing abrasive wear. The TiC particle has
directly 'impinged' on the tool surface. In Figs. 8 and 9 it is
evident that very localized plastic deformation of the surface
layers has occurred where tool material is pushed ahead of the
advancing particle. Such an accumulation is defined as a
prow. It is clear that the chip material contains hard particles
of TiC which are able to plow grooves into the softer mar-
tensitic matrix of the tool. The mechanism of action of the
hard inclusions in the present instance is similar to that which
can be expected during a lapping or grinding operation
(compare Fig. 10).
The action of abrasive inclusions on the tool surface has
been examined in a number of worn tool sections. Figure 10
portrays the manner in which the flank wear land is thought
to develop in HSS tools. At the beginning of the cut the tool is
as sharp as is possible but the hard inclusions gradually
abrade away the HSS by the micro-machining action. As the
depth of the flank wear land increases a number of the hard
particles embed themselves in the tool surface as shown in Fig.
Journal of Engineering Materials and Technology
Fig.6 Hard TiC Inclusion in stainless steel chip impinging on CUlling
edge of high speed steel tool x 2500
Fig. 7 Hard TiC Inclusions (arrowed) embedded In flank land of high
speed steel tool x 2500
7. The intimate contact between the flank wear land and
machined surface facilitates this process.
When machining with HSS, abrasive wear mechanisms that
occur on the crater surface are substantially similar to those
which occur on the flank surface. The trajectories of the hard
phase inclusion particles entrained in the chip flowing past the
APRIL 1981, Vol. 1031153
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abrasion in thermally softened crater
}
Fig. 8 TiC causing "microcutting" 01 rake lace in region immediately
behind cutting edge 01 tool. Temepratures in this area are less than In
the crater as shown In Fig. 11 x 2500.
Taking, as an example, the ratio of the substrate to lapped
material hardness as 0.25, it is seen that a half-embedded
The relationship between the indentation depth into the hard
workmaterial, d"" and the indentation into the substrate, ds '
is given by
When the abrasive particle radius R is much greater than the
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Fig. 10 Abrasion model proposed lor flank wear 01 high speed steel
tool orientated as in Fig. 1. Initially the sharp cutting edge is worn in a
"microcutting" process by particles 1 and 2 leI. Fig 6). As the land
depth increases particles such as 3 may be embedded in the tool (cl.
Fig. 7).
crater surface can be expected to be complex. Nevertheless,
abrasive wear involving plowing of the tool surface does occur
as shown in Figs. 8 and 9. Figure 8 was obtained from a
region on the rake surface immediately behind the cutting
edge where the local temperatures are moderately high. Figure
9 was obtained from the middle of the crater region where the
local temperatures are significantly higher. The tool material
is consequently softer in this region. In both instances, micro-
machining has taken place. In Figure 8 the particle has plowed
a groove into the tool and has become embedded (at least
temporarily) in the tool surface, whereas in Fig. 9
"micromachining" was taking place at the instant when the
cut was stopped. Prow formation directly ahead of the TiC
inclusions is clearly observable.
4 Discussion
4.1 Appraisal of Abrasive Processes on High-Speed Steel
Tools. The increased rate of flank wear for the 321 stainless
steel (Fig. 5) indicates that, although some of the hard par-
ticles may be pushed back into the softer chip material and be
carried off without scoring the tool, a sufficient number do
plow the tool surface and cause abrasive wear. The fun-
damental phenomenon that occurs is similar to that in lap-
ping.
In the lapping of hard materials, for example with
diamond-charged copper laps, although the abrasive carrying
substrate (copper) is softer then the material being lapped,
sufficient forces are transmitted by the substrate onto the
abrasive to micro-machine (plow) the hard body. The wear
process observed to occur at the chip-tool interface (Figs. 8
and 9) is identical with the micro-machining process that
occurs during lapping.
Using the following nomenclature,
H a hardness of abrasive
H, hardness of substrate carrying the abrasive
H w hardness of workmaterial being lapped
R mean radius of the abrasive particle in the system
154/VoI.103,APRIL 1981 Transactions of the ASME
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Fig. 11 Temperature contours in a high speed steel tool used to cut 
annealed low carbon iron at 100 m/min 
abrasive can produce a substantial indentation in the lapped 
body. 
In the case of tool wear, the chip material carrying the hard 
particles constitutes the substrate and the tool, constitutes the 
lapped body. Given a significant indentation into the tool 
surface, the relative motion between the chip and the tool 
causes wear. This process is clearly seen in Figs. 8 and 9. Even 
when the inclusions are transported across the tool surface 
while partially embedded within the softer chip matrix, 
abrasive wear occurs. 
4.2 Appraisal of Possible Modes of Abrasive Wear on 
Carbide Cutting Tools. In the earlier modelling work [11] 
indirect evidence in support of abrasive wear of carbide tools 
during machining was reviewed in detail and shown to be 
plausible. In that work, machining was portrayed as a serial 
sectioning process where a mechanical probe, the cutting tool, 
intensively samples the internal structure of the work 
material. It was pointed out that while the sampling probe 
experiences an elevated temperature field, due to the large 
strains and strain rates imposed on the work material, during 
continuous chip formation, the chip material traversing the 
tool only undergoes transient heating. Under typical com-
mercial machining conditions, the transient heating times 
involved are of the order of a millisecond when carbide tools 
are used. 
It is thus argued that while the tool material can be ther-
mally softened at the prevailing tool - chip interface tem-
peratures, the hard inclusions contained within the work-
material will not be thermally softened in the short time in-
terval needed to traverse the shear zone and tool surface. It is 
thus proposed that the abrasive wear by plastic plowing of the 
tool will also occur with carbide tools. Evidence in support of 
this proposal is now considered. 
The greater hardness and thermal stability of carbides 
permit higher cutting speeds than are possible with HSS tools. 
The tool-chip interface temperatures are then higher. Usui, et 
al. [12] have shown that WC-based carbides give useful tool 
lives at tool-chip interface temperatures up to about 1050°C 
to 1100°C. At such temperatures, the indentation hardness of 
WC-Co tool materials is lower than 200 kg/mm2 according to 
Tabor [13]. Substantial data confirming Tabor's results have 
been summarized elsewhere [14]. Since the hard inclusions in 
the chip are only heated in a transient fashion (e.g., for a 
millisecond) they will retain a value of hardness close to their 
room temperature hardness. In the case of the TiC in the 
titanium stabilized stainless steel a typical value is 2400 
kg/mm2 . Even with some softening of the hard abrasive, it is 
clear that, because of the heating times, the particles are likely 
to be much harder than the 200 kg/mm2 indentation 
hardness value indicated for the tool. It is thus proposed that 
on the crater surface of carbide tools, abrasive wear by plastic 
plowing is possible by the same mechanism as that discussed 
in the previous section on HSS tools. The crater wear test data 
presented by Byrd and Ferguson [8] on the wear of carbide 
tools while machining Fe-C-Alumina compacts confirm this 
proposal. 
While the argument presented here is believed to be a 
satisfactory one for abrasive wear of carbide tools on the 
crater surface it cannot be sustained in the same form for 
flank wear. When the mean temperature in the crater surface 
is of the order of 1000°C, approaching the limiting usable 
temperature with carbide tools [12], the flank surface tem-
perature is some 300°C to 400°C lower. This can be readily 
inferred from Figure 11 which is a temperature distribution 
map in a high speed steel tool taken from the work of Wright 
[15]. At the limit of utility, it is therefore reasonable to expect 
flank surface temperatures of the order of 700°C to 800°C 
while cutting with carbide tools. 
The mechanical properties of the carbide base materials 
used to fabricate cutting tools have been studied extensively 
[16-20]. They are typically materials possessing high room 
temperature hardness. The high intrinsic hardness at low 
temperatures is believed to be due to limited dislocation 
mobility in these materials because Peierls stresses are high 
[21-23]. Flow stress must then be a strong function of tem-
perature as in BCC solids. The critical resolved shear stress is, 
in fact, found to exponentially decrease with an increase in 
temperature [24] and thus hardness also decreases ex-
ponentially with temperature [13,25]. It is well known that 
materials possessing such temperature-dependent flow 
characteristics tend to exhibit ductile-brittle transition 
behavior. 
The ductile-brittle transition temperatures listed by Toth 
[24] are 800°C for TiC0 9 5 , 900°C for ZrC 0 9 , 1000°C for 
NbC0 76 and 1200°C for VCQ 84. In contrast to these values for 
single crystals, for hot-pressed polycrystalline materials the 
transition temperatures are 1530°C for TiC0745 and 1320°C 
for WC. The ductile-brittle transition temperatures are also 
lowered by increasing deviations from stoichiometry. 
In metal (e.g., cobalt) bonded carbide cutting tools, in-
dividual grains of carbide are separated from their neighbors 
by a thin film of bonding metal. When machining with 
workmaterials containing abrasive particles this composite is 
subjected to indentation and indentor transverse as the hard 
inclusions traverse across the tool surface. The bonding 
metal, cobalt, has a low melting temperature and a lower 
elastic modulus (compared to the base carbide). Such thin 
metal films hence cannot provide an adequate elastic-plastic 
restraint during indentation. It is therefore reasonable to use 
the ductile-brittle transition temperature applicable to single 
crystals in the present analysis. TDB for single crystal WC has 
not been found in the literature, but based on data reported by 
Toth [24], it is suggested that the value appropriate for WC is 
between 700°C and 800°C, the latter being that of near-
stoichiometric TiC. 
Hot compressive strength data for a number of carbides 
have been obtained by Trent [26] and these show similar 
trends to the ductile-brittle data above. For tungsten carbide 
the hot compressive strength falls rapidly over the range 
700°Ctol000°C. 
The point of emphasis in the above discussion is that, since 
the flank face temperatures are 300° - 400 °C lower than the 
rake face temperatures, the local mechanical properties of the 
carbide in these regions will differ. In general the tool 
material at the rake face is expected to be prone to plastic 
deformation by small abrasive particles whereas the flank 
face material is expected to be below the elevated temperature 
yield strength and behave in a brittle manner. It is proposed 
that these differences are related to the results in Figs. 3 and 4. 
Here, it is shown that the addition of 2 percent volume 
fraction of A1203 increases both crater and flank wear but 
that while flank wear is particle size dependent, crater wear is 
particle size independent. It is proposed that the thermally 
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weakened surface layers of carbides can also be plastically 
deformed by abrasive particles as in Figs. 8 and 9, and that 
this process occurs with impinging particles of any size so that 
volume fraction is the key parameter. By contrast, since the 
flank face is below the elevated temperature yield strength, it 
is speculated that the abrasive particles must be above a 
certain critical size before they can displace carbide grains. 
Further experimental work, now in progress, is necessary in 
order to resolve the relationships between tool temperature, 
particle size and local wear mechanisms. Tool material is also 
an important parameter in such work since the results ob-
tained so far are somewhat conflicting. Figure 3, for carbide 
turning tools, shows that large abrasive particles cause more 
flank wear than small particles as is generally observed in 
wear studies. However, Fig. 2, for high-speed steel drills [6], 
shows that while flank wear increases with volume percent 
silica the smaller particles cause the most wear. Although 
more investigation is required to resolve such differences the 
experimental results so far have been presented for two im-
portant purposes: firstly, to show quantitatively (Figs. 2-5) 
that abrasive particles in workmaterials increase cutting tool 
wear and secondly, to illustrate by way of detailed 
metallogrpahy how abrasive particles interact with the tool 
surfaces. 
Concluding Remarks 
An experimental study has been carried out to identify the 
abrasive wear mechanisms that occur when machining with 
high-speed steel and cemented carbide tools. 
When machining with high-speed steel tools, 
metallographic evidence shows that hard inclusions in the 
workmaterial (such as theTiC particles in titanium stabilized 
stainless steel) can cause abrasive wear of the softer tool 
matrix by a plastic plowing process (Figs. 8 and 9). As a result 
material can be removed from both the flank face and the 
rake face of the tool and it has been shown that, in com-
parison with a similar steel without hard particles, the flank 
wear on the tool is increased. On the rake face of high-speed 
steel tools, the plastic plowing process removes a greater 
amount of material if the tool is thermally weakened as a 
result of the heat generated at high cutting speeds (see Fig. 
11). 
When machining with cemented carbide tools, the average 
temperature of the chip-tool interface can reach 1050-1100°C 
at the limit of their performance. At this temperature the 
indentation hardness of WC-Co type materials is ap-
proximately 200 kg/mm2 . Hard inclusions in the chip 
material are not softened because they remain in the cutting 
zone for only a few milliseconds. It has thus been proposed 
that abrasion by plastic plowing occurs in the same way as in 
the case of high-speed steel. Tool life data confirm that crater 
wear of carbide tools increases with the proportion of 
abrasive particles in the work material. When machining at 
high rates of metal removal, the flank face of carbide tools is 
typically at 600-800°C (i.e. 300-400°C lower than the crater 
area) and thus material is below the elevated temperature yield 
strength. Limited evidence indicates that different wear 
mechanisms and wear rates thus arise at the flank face. 
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